There have been significant improvements in recent years in transportation and emissions modeling to allow better evaluations of transportation operational effects and associated vehicle emissions. In particular, instantaneous or modal emissions models have been developed for a variety of light-duty vehicles. To date, most of the effort has focused primarily on developing these models for light-duty vehicles with less effort devoted to heavy-duty diesel (HDD) vehicles. Although HDD vehicles currently make up only a fraction of the total vehicle population, they are major contributors to the emissions inventory. A description is provided of an HDD truck model that is part of a larger comprehensive modal emissions modeling (CMEM) program developed at the University of California (UC), Riverside. Several HDD truck submodels have been developed in the CMEM framework, each corresponding to a distinctive vehicletechnology category. The developed models use a parameterized physical approach in which the entire emission process is broken down into different components that correspond to physical phenomena associated with vehicle operation and emission production. A variety of trucks were extensively tested under a wide range of operating conditions at UC Riverside's Mobile Emissions Research Laboratory. The collected data were then used to calibrate the HDD models. Particular care was taken to investigate and implement the effects of varying grade and the use of variable fuel injection strategies. Results show good estimates for fuel use and the regulated emission species including nitrogen oxides, one of the key targets for HDD vehicles.
In the past decade there has been a good deal of activity in developing instantaneous or modal emissions models to better predict mobile-source emission inventories, primarily at the microscale level. In the past conventional mobile-source emission models were developed for calculating regional inventories using aggregated vehicle emissions data and estimates of vehicle activity in the form of vehicle miles traveled and average speed (i.e., at the macroscale level). To better capture emissions effects associated with a wide range of driving dynamics, instantaneous (i.e., second-by-second) models are used; they are better suited for evaluating traffic operational strategies that improve traffic flow (e.g., ramp metering, signal coordination, additional lanes, etc.). These instantaneous emission models can be used in conjunction with detailed vehicle activity data or with microscale traffic simulation tools to better predict the emissions impact of different traffic scenarios (1).
A variety of instantaneous emission models have been developed for a wide range of light-duty vehicles (LDVs); however, only a few have been developed for heavy-duty diesel (HDD) trucks. Although HDD vehicles currently make up only a fraction of the total vehicle population, they are major contributors to the emissions inventory, accounting for more than 50% of nitrogen oxides (NO x ) and particulate matter (PM) in many locations (2, 3) . These vehicles will continue to play a major emissions inventory role with their high durability and reliability and with increases in movement of goods.
One of the main reasons that HDD vehicle emission models are less developed than their LDV counterparts is that there is a large body of LDV emissions data, and only a relatively small amount of HDD emissions data. In fact, before 1997 the regulatory emissions models developed by the U.S. Environmental Protection Agency (EPA) and California Air Resources Board relied primarily on 23 HDD vehicles (3) . To be fair, there is a large amount of HDD engine certification data from laboratory test stands; however, it is felt that these engine data from certification tests do not properly represent real-world on-road emissions when placed in a variety of vehicles operated under real-world driving conditions. Recently, a number of investigators have developed tools to measure emissions from engine-vehicle combinations driven over standard cycles on stationary or portable chassis dynamometers (4) (5) (6) . The number of these facilities is quite limited because of their expense, and using them still does not provide information on vehicles driven in the real world (7, 8) . Accordingly, some investigators are developing methods based on a minidilution tunnel with onboard instruments (9) (10) (11) (12) . Others trail a moving vehicle and sample the plume after dilution by ambient air (13) .
To measure on-road real-world emissions more realistically, the University of California (UC), Riverside, has developed a unique mobile emissions research laboratory (MERL) consisting of a 53-ft trailer loaded with a full dilution tunnel and instrumentation that is capable of measuring total emissions from the HDD truck that is pulling MERL. This is the first mobile laboratory capable of measuring HDD emissions at the quality level specified in the U.S. Congress Code of Federal Regulations (MERL is described in more detail in a later section.)
Data from MERL and supplementary HDD truck emissions data from Coordinating Research Council Project E-55 were used to develop a power-demand, physical instantaneous HDD emissions model that is part of a larger research program for modeling instantaneous emissions for a wide set of vehicles (14) . This comprehensive modal emissions modeling (CMEM) program began in 1995 and continues today with support from EPA and other sponsors (CMEM is described in more detail in a later section.)
Other instantaneous HDD emissions models have been developed in recent years, most notably the work being carried out at West Virginia University (15) . Data from the university's transportable heavy-duty chassis dynamometer systems were used to create an instantaneous emissions model using a speed-acceleration binning technique (15 nient for interfacing with activity data or traffic simulation models; however, it does have some downfalls. For example, a wide range of vehicle-operating conditions are necessary when filling bins in the lookup tables, which usually requires a good deal of testing time. Also, the use of instantaneous lookup tables assumes that there is no time dependence in the emissions response to the vehicle operation. For many vehicle types, operating history (i.e., the last several seconds of vehicle operation) can play a significant role in an instantaneous emission value. For example, that assumption would not hold true for vehicle types incorporating variable fuel injection timing strategies (such as many of the vehicles tested in this study) or for vehicle types incorporating after-treatment devices involving oxygen storage or timers that are likely to become prevalent in the future. Last, there is no convenient method to introduce other load-producing effects on emissions such as road grade or accessory use (e.g., air-conditioning), other than introducing numerous other lookup tables or perhaps applying a set of corrections. In addition, HDD trucks have a wide range of weights (depending on the cargo they are carrying) that will have a significant effect on emissions, which is not easily modeled using a lookup table method.
Other HDD emissions modeling techniques include vehiclespecific power binning (16, 17 ) , load-based modeling using engine test data (18) , and neural network models (19, 20) .
In this paper a description is given of the CMEM-based HDD emissions model, outlining several advantages in the way it inherently handles issues of grade, variable weight, and variable fuel injection timing strategies. Background material is first provided on the CMEM program and the way this latest HDD emissions modeling fits in. A brief description of MERL is then provided, followed by a description of the data collection process. The modeling methodology is described, followed by validation results for a variety of scenarios illustrating the flexibility of this model.
BACKGROUND

CMEM Program
CMEM was originally developed at the University of California, Riverside, along with researchers from the University of Michigan and Lawrence Berkeley National Laboratory, through an NCHRP research project that originally started in August 1995. The overall objective of CMEM is to develop and verify a modal emissions model that accurately reflects mobile-source emissions produced as a function of the vehicle's operating mode. The model is comprehensive in the sense that it is able to predict emissions for a wide variety of vehicles in various conditions (e.g., properly functioning, deteriorated, malfunctioning). The model is capable of predicting second-by-second tailpipe (and engine-out) emissions and fuel consumption for a wide range of vehicle-technology categories. Originally, CMEM was targeted at LDVs (i.e., cars and small trucks) but has since been expanded to include medium-and heavy-duty trucks. The focus of this paper is on HDD vehicles.
CMEM uses a physical power-demand modal modeling approach based on a parameterized analytical representation of emissions production. In such a physical model the entire emissions process is broken down into different components that correspond to physical phenomena associated with vehicle operation and emissions production. Each component is then modeled as an analytical representation consisting of various parameters that are characteristic of the process. These parameters typically vary according to the vehicle type, engine, and emissions technology. Many of these param-eters are stated as specifications by the vehicle manufacturers and are readily available (e.g., vehicle mass, engine size, and transmission type). Other key parameters relating to vehicle operation and emissions production must be deduced from actual second-by-second measured emissions data. The basic components found in the model instances include a power demand component, engine speed estimator, fuel rate model, engine-out emission component, and an after-treatment component (21) . Also part of the model are specific components that mimic engine strategies that control fuel-air equivalency ratios or fuel injection timing.
This type of modeling is considered deterministic rather than descriptive. Such a deterministic model is based on causal parameters or variables, rather than on simply observing the effects (i.e., emissions) and assigning them to statistical bins (i.e., a descriptive model). This approach provides understanding, or explanation, for the variation in emissions among vehicles, types of driving, and other conditions. Using this type of model, analysts can gain insight into the physical and chemical reasons behind this model of emissions production. The physical modal emissions modeling approach has several attractive attributes including the fact that (a) it inherently handles all factors in the vehicle-operating environment that affect emissions, such as vehicle technology, fuel type, operating modes, maintenance, accessory use, and road grade; (b) it is applicable to all vehicle and technology types such that when a heterogeneous vehicle population is modeled, separate sets of parameters can be used in the model to represent all vehicle and technology types; the total emissions outputs of the different classes can then be integrated with their correctly weighted proportions to create an entire emissions inventory; and (c) it is not restricted to pure steady-state emissions events, as is an emissions map approach. Emissions events related to the transient operation of the vehicle can be appropriately modeled. Further, it can easily handle time dependence in the emissions response to the vehicle operation. As stated previously, the operating history (i.e., the last few seconds of vehicle operation) can play a significant role in an instantaneous emissions value. More detailed discussions about modal emissions modeling and CMEM can be found in the literature (21) (22) (23) (24) .
UC Riverside's MERL
To measure on-road real-world emissions more realistically, UC Riverside has developed a unique mobile emissions research laboratory (MERL). This laboratory contains all the instrumentation normally found in a conventional vehicle emissions laboratory, but the equipment is mounted inside a 53-ft over-the-road truck trailer. A dilution tunnel inside the trailer mixes the truck's exhaust (sampled directly from the exhaust pipe) with dilution air, and the samples are measured just as they would be in a stationary laboratory using the procedures prescribed in the Code of Federal Regulations Parts 86 and 89 (25) . Both gaseous and PM emissions are measured with the same levels of accuracy as are measurements made in a stationary facility. The laboratory weighs approximately 45,000 lb and serves as the truck's load. Thus, it is possible to sample a truck's emissions under real-world operating conditions with the accuracy and precision normally restricted to a stationary laboratory. Any Class 8 tractor can pull this trailer, and the lab has gone through extensive calibration and testing to ensure accuracy and repeatability (26 ) . MERL serves as an important tool for understanding how trucks pollute and for quantifying the effects of different fuels (reformulated diesel, etc.), alternative power trains, different control strategies, and a variety of emissions control equipment. Further details on MERL can be found elsewhere (26 ) .
DATA COLLECTION
To create the HDD instantaneous emission model, a test program was developed with a vehicle recruitment process, testing of the vehicles over a wide set of operating conditions on the road, and postprocessing of the resulting data (e.g., time alignment) so that they could be used for calibrating the model.
Vehicle-Technology Categorization and Vehicle Recruitment
Similar to the CMEM approach for LDVs, HDD vehicle technology and existing emissions data were examined closely and several vehicle-technology categories were derived. For each category, a different model "instance" has been developed, described in another section of this paper. The vehicle-technology categories were derived based on differences in emissions behavior, which were given priority over factors that were more likely to affect emission levels. For example, technology factors such as fuel injection type that could result in emissions differences that were not consistent by operating mode were given priority over factors that were more likely to affect emissions level (e.g., engine displacement), but not modal behavior. The reason for this is that a composite vehicle that averages the different levels of vehicles having the same modal behavior will have lower vehicle-to-vehicle error rates across driving modes than a composite vehicle that averages trucks having different modal behaviors. Also playing a major role in selection of the vehicle-technology groups are the California state and federal emissions standards for HDD vehicles. Manufacturers have met these increasingly stringent standards through basic improvements to the combustion process (e.g., electronic fuel injection, quiescent combustion chambers, increased injection pressure, etc.) rather than through addition of exhaust after-treatment or add-on controls (27 ) .
After several iterations in balancing the number of vehicletechnology groups with the potential number of testing samples, the final HDD categories were chosen and are shown in Table 1 . Fewer samples were allocated to the mechanical injection groups because of the lack of multiple operating modes made possible by electronic ignition systems. Manufacturer-to-manufacturer as well as model-year-to-model-year differences in timing strategies were expected to lead to higher vehicle-to-vehicle variability within the electronic injection categories, so more samples were allocated to the electronic injection groups. Vehicles were recruited from used vehicle fleets in Southern California for testing using MERL. Thus far, a total of 11 vehicles were recruited and tested, all in Technology Groups 5, 6, and 7. One vehicle was eliminated from the model development fleet because it was found to have mechanical problems with the engine. The test fleet was augmented with 23 addi-tional vehicles from an HDD dynamometer test program (14) . The target sample size and actual sample size including the dynamometer test vehicles are listed in Table 1 . Vehicles were recruited randomly within test categories by engine model year, and a balance between horsepower and between manufacturers was attempted.
Testing Procedure
As part of the data collection effort, a vehicle-testing procedure was developed and applied to the recruited vehicles. This vehicle-testing procedure includes the following test cycles: A complete CARB-HDD test is necessary for two reasons. First, it is the standard testing procedure used by CARB in testing HDD vehicles and provides baseline information about a vehicle's emissions that can be used as a reference to compare with existing tests of other vehicles. Second, the cycle provides a structured set of driving to be compared with unstructured "real-world" driving. The primary reason for including the freeway driving without a test cycle in the test protocol is that the emissions under this driving are directly representative of in-use emissions. The UDDS cycle was included to provide a common baseline driving cycle that has been commonly used in emissions testing in the lab. The UDDS cycle is also used primarily as an independent cycle for validation purposes (see section on results).
To capture specific modal emission events, a specific set of modal emissions cycles was designed and applied. The two general objectives of constructing these cycles were to (a) cover the majority of speed, acceleration, and specific power ranges that span the performance envelope of most heavy-duty vehicles and (b) cover a series of modal events such as various levels of accelerations and decelerations, a set of constant cruise speeds, speed-fluctuation driving, and constant power driving. In addition to these criteria, the cycles had to conform to the lengths of the road segments, speed limits, and otherwise safe driving practices of the testing area. On the basis of feedback from the initial tests and simulation runs, the modal cycles were iteratively refined before any substantial vehicle testing. The resulting three modal cycles are illustrated in Figure 1 .
A total of 11 HDD vehicles were tested thus far by the College of Engineering, Center for Environmental Research and Technology, using this test schedule. A total of 442 individual cycles were col- Recruiting of older vehicles proved to be more difficult than anticipated, so the test data were augmented with additional secondby-second data collected on 23 additional HDD vehicles in the Coordinating Research Council E-55 dynamometer study (14) .
Data Conversion and Time Alignment
Emission concentrations and mass flow rates are recorded second by second during the testing and are stored in a database. The raw lected on the vehicles with a total of 376,371 s of data. Ambient temperature and humidity were measured continuously during testing, and local hourly wind measurements were obtained. All vehicles were tested using standard fuel obtained from the same source, with spot testing to ensure consistency.
The HDD testing with MERL was carried out on seldom-used roadways in California's Coachella Valley, approximately 2 h from UC Riverside. This area was chosen for its relative proximity to UC Riverside and its long, uninterrupted stretches of road at zero grade, approximately at sea level. emission gas concentrations are then converted from concentrations in parts per million to mass emission rates in grams per second, using algorithms for the gas analyzers that account for parameters such as emission densities, exhaust flow rates, and differences in dry and wet gas measurements. This is carried out for carbon dioxide (CO 2 ), carbon monoxide (CO), hydrocarbon (HC), and NO x . This is then followed by a comparison between the cumulative modal data and integrated bag results as part of the quality assurance/quality control procedures.
Further, an important part of postprocessing is to time-align all necessary second-by-second emission data. This step is crucial because there is a time delay inherent in each of the gas analyzer response times and between data from the analyzer and the vehicle's engine control unit (ECU)
The proper time shift for the emission data is determined through several steps. An initial time shift for each pollutant emission is provided by MERL as part of the validation and calibration of the emission benches. The second step is to analyze the time shifts for each pollutant emission relative to the ECU data. Because the ECU fuel data show a strong relationship with the emission data and are the basis for much of the later regression work, they are used to determine alignment between the ECU and emission data sets. Alignment of these two data sets is done via a cross-correlation analysis using a cross-correlation estimate function to calculate correlation values for a range of lag times between the emission and the ECU fuel data. The lag times with the highest correlations are then compared with MERL's expected time shifts and with the optimal lag times of other tests in the series to determine the proper lag times for a range of tests.
MODEL STRUCTURE
The HDD truck emissions model has been developed using principles that are very similar to those of other models in the CMEM program. As discussed earlier, the emissions process is broken down into different components or modules that correspond to physical phenomena associated with vehicle operation and emissions production. With heavy-duty vehicles, similar to light-duty vehicles, each component is then modeled as an analytical representation consisting of various parameters characteristic of the process. These parameters vary because of several factors such as vehicle-technology type, vehicle age, and so on. Because these parameters typically correspond to physical values, many of the parameters are stated as specifications by the vehicle manufacturers and are readily available (e.g., vehicle mass, engine size, gear ratios, etc.). Other key parameters relating to vehicle operation and emissions production must be determined from a testing program as part of the model calibration procedure.
The physics-based emissions model uses a bottom-up approach; the basic building block is the individual truck operating on a fine time scale (i.e., second by second). However, the HDD model, similar to the light-duty CMEM models, does not focus on modeling specific makes and models of trucks. The primary goal is the prediction of emissions in several-second modes for average composite trucks for each of the truck categories specified in the section on data collection. Thus, separate submodels for each composite truck category have 14 Transportation Research Record 1880 been created. These submodels are similar in structure; however, the parameters used to calibrate each submodel are different.
General Structure of the Model
In the developed HDD emissions model, second-by-second tailpipe emissions are modeled as the product of three components (fuel rate (FR), engine-out emission indices (g emissions /g fuel ), and an emission after-treatment pass fraction):
Here FR is fuel use rate in grams per second, engine-out emission index is grams of engine-out emissions per gram of fuel consumed, and the after-treatment pass fraction is defined as the ratio of tailpipe to engine-out emissions. To date, no HDD vehicles with aftertreatment devices have been tested or are commonly available, so the after-treatment pass fraction for all current truck categories is being modeled as 100%. (A variety of after-treatment devices can be modeled separately and integrated into this model structure without extensive retesting.)
The complete HDD emissions model is composed of six modules, as indicated by the six square boxes in Figure 2 : (a) engine power demand, (b) engine speed, (c) fuel rate, (d ) engine control unit, (e) engine-out emissions, and ( f ) after-treatment pass fraction. The model as a whole requires two groups of input (rounded boxes in Figure 2 ): (g) input operating variables and (h) model parameters. The output of the model is tailpipe emissions and fuel consumption. The vehicle power demand (a) is determined based on operating variables (g) and specific vehicle parameters (h). All other modules require the input of additional vehicle parameters determined on the basis of on-road measurements, as well as the engine power demand calculated by the model. The core of the model is the fuel rate calculation (c). It is a function of power demand (a) and engine speed (b). Engine speed is determined on the basis of vehicle velocity, gear shift schedule, and power demand.
Engine Power Demand Module
Establishing a power demand function for each truck is straightforward. The total tractive power requirements (in kW) placed on the truck (at the wheels) are given as follows: 
The terms in parentheses represent resistance due to acceleration, grade, wind, and rolling friction. To translate the tractive power requirement to demanded engine power requirements, the following relationship applies:
where P = second-by-second engine power output in kW, ⑀ = vehicle drivetrain efficiency, and P acc = engine power demand associated with running losses of the engine and the operation of vehicle accessories such as air-conditioning use.
As the model was developed, intermediate engine power validation was performed with actual "load" values provided by the ECU.
Engine Speed Module
Engine speed is approximated in regard to vehicle Gear ratio is selected from a given set of shift schedules. Under certain circumstances, especially for high-power events, down shifting is required as determined by a wide-open-throttle (WOT) torque curve. The general relationship between torque and power output of the engine is as follows:
where Q(t) is engine torque in ft-lb at time t and P(t) is engine power in horsepower. The engine torque at any engine speed must not exceed the WOT torque [Q WOT (t)]. The latter is based on an approximation of the manufacturer's supplied torque curve. When the calculated Q(t) is greater than Q WOT (t), the vehicle down shifts to the next lower gear. New values of engine speed, torque, and WOT torque are calculated on the basis of the equations above and a representation of the vehicle's torque curve. If necessary, this process is repeated (i.e., a second downshift is considered) to satisfy operating conditions.
Fuel Rate Module
Modeling the fuel rate in any driving cycle for any vehicle was previously developed by An and Ross (29, 30) . The basic diesel fuel consumption module is as follows:
where FR = fuel use rate in g/s, P = engine power output in kW, K = engine friction factor, N = engine speed (revolutions per s), V = engine displacement (L), η ≈ 0.45 = measure of indicated efficiency for diesel engines, b 1 ≈ 10 −4 and C ≈ 0.00125 = coefficients, and 43.2 kJ/g = lower heating value of a typical diesel fuel. As described in the section on the engine-out emissions module, often alternate fuel injection timing strategies are used to improve fuel economy at the expense of NO x emissions. For modeling purposes, a fuel-use reduction factor has been introduced to account for these alternative fuel injection timing strategies:
where FR off is the off-cycle fuel rate in grams per second and f Red is the fuel use reduction factor associated with off-cycle fuel injection timing strategies.
Engine-Out Emissions Module
CO emissions are a product of incomplete combustion and are greatly dependent on the air-fuel ratios occurring during combustion. Since fuel-rich combustion leads to increased CO, diesel engines, which run lean, typically have extremely low CO emissions, unlike spark ignition engines. This analysis shows that there is a linear correlation between fuel use and engine-out CO; however, it is not a particularly strong one. The following equation is used for modeling CO:
where ECO is the engine-out emission rate in grams per second and a CO and r CO are the CO emission index coefficients.
HC emissions from diesel engines are unburned hydrocarbons resulting primarily from combustion inefficiencies. Incomplete fuelair mixing in the combustion chamber results in portions of the combustion mixture not supporting combustion. Similar to the correlation between fuel use and CO, this analysis shows that there is a linear correlation between fuel use and engine-out HC:
where EHC is expressed in grams per second and a HC and r HC are the HC emission index coefficients. NO x emissions along with particulates are the diesel pollutants of primary concern. The formation of NO x emissions in diesel engines is well understood and is dependent mainly on the presence of sufficient oxygen and high temperatures. NO x emissions exhibit a strong linear relationship with load or fuel use. The following equation is used for basic NO x emissions modeling:
where FR = fuel rate, a NO = NO x emission index coefficient in grams emission/grams fuel, and r NO = small residual value. NO x emissions may be controlled by reducing in-cylinder temperatures, which can be accomplished with retarded fuel injection timing at the expense of increased particulate emissions and reduced fuel economy. That is commonly referred to as the NO x , particulate, fuel "trade-off." For that reason fuel injection timing strategies are critical to the formation of NO x .
It has also been noted that the fuel injection timing strategies of many existing electronic controlled HDD vehicles do not always remain consistent with those used during engine certification testing. It has been determined that under certain modes of operation,
many of the HDD vehicles found in today's vehicle fleet use offcycle fuel injection timing strategies, resulting in higher NO x emission rates in favor of increased fuel economy. Figure 3 illustrates dual NO x /fuel emission rates as a result of off-cycle fuel injection timing strategies.
These off-cycle strategies are not publicly documented and are to be eliminated in the future. Nevertheless, it is important to model this effect when dealing with the current (short-term) and future vehicle fleet. In an effort to model these off-cycle fuel injection strategies, an off-cycle NO x -fuel relationship is used:
where a NOh is the off-cycle NO x emission index coefficient in grams emission/grams fuel and r NOh is a small residual value associated with off-cycle NO x emissions. Determining NO x emission factors for use with normal injection timing strategies and off-cycle fuel injection strategies is relatively straightforward and usually results in strong least squares fits (see Figure 3) . The difficulty lies in determining when in a given cycle each strategy is used. It was observed that the off-cycle timing strategies appear to have a history effect and in some cases show a moderately predictable pattern across similar cycles. For modeling purposes, off-cycle fuel injection strategies are being characterized as a function of time and velocity; these strategies occur after 80 s above 30 mph, and then normal operation resumes once the vehicle speed drops below 30 mph. The off-cycle timing strategies appear to vary by manufacturer, model year, and sometimes from test cycle to test cycle during a single day of testing. Determining the best overall model formulation of the off-cycle strategy is therefore highly dependent on the vehicle test fleet. Because of the difficulty in determining the best overall strategy with the current data set, a generic speed and time method was used for this initial version of the model, pending collection of more data. (The model strategy is not intended to represent a particular manufacturer's truck, but rather to give a good approximation of the fleet behavior.)
Model Calibration and Vehicle Compositing Procedures
As discussed previously, separate submodels for each truck category have been created. The submodels have similar structure (as described in a previous section); however, they differ primarily in their parameters. Each submodel uses three dynamic operating variables as input. These variables include second-by-second vehicle speed (from which acceleration can be derived; acceleration can be input as a separate input variable), grade, and accessory use (such as air-conditioning). In many cases, grade and accessory use may be specified as static inputs or parameters. In addition to these operating variables, each submodel uses a total of 31 static parameters to characterize the vehicle tailpipe emissions for the appropriate vehicle-technology category. As the submodels were developed, each test vehicle was individually modeled by determining all parameters. Readily available parameters of test vehicles (e.g., mass, engine displacement, etc.) have been obtained for each vehicle. Next, a set of calibration parameters was determined through estimation procedures using the measured emissions results for each test vehicle. Depending on the specific parameter, the values are determined either (a) directly from measurements or (b) on the basis of several regression equations.
Each test vehicle has been individually modeled; however, the primary modeling goal is to predict detailed emissions for each average composite vehicle that represents the vehicle-technology categories described in the section on data collection. Thus, a compositing procedure has been developed to construct a composite vehicle to
represent each of the different HDD vehicle-technology modeled categories. The compositing procedure is relatively straightforward. In previous CMEM work, compositing LDVs involved first averaging second-by-second emission values in time across all vehicles in the category. The modeling procedure was then carried out on the averaged emission traces (23) . This was possible because every vehicle was tested very closely following the prescribed driving cycles. For the on-road HDD testing, it was impossible to follow each target trace exactly because of wide differences in the vehicle's power-weight ratio. Therefore, the previous emission trace averaging technique does not work. Instead, each test vehicle is individually modeled, resulting in an individual vehicle parameter set. The parameter sets from all vehicles in the category are then averaged appropriately to provide a representation of a composite vehicle. Influential factors such as emissions rate and vehicle weight have roughly symmetric distributions so that the mean is a good estimator of the central value of the distribution. For parameters such as number of gears, in which the mean value does not make physical sense, the mode was used.
RESULTS
On the basis of the methods described in the section on results, separate modal emissions submodels were developed for the vehicle categories described in the section on data collection. A number of intermediate validation exercises took place during the development examining the output from the different components of each submodel. With the models complete, a more rigorous validation procedure took place by application of independent driving cycles (i.e., driving patterns not used in the model calibration process) to the models and a comparison of results with real-world measurements. Validation on independent vehicles and independent test cycles will be conducted in the future, but at this time all vehicles were used in the development of the model. Example results using the independent test cycles are shown in Figure 4 , in which a composite 94-97 four-stroke electronic fuel injection HDD truck was modeled and compared against a real truck in that class. A number of independent cycles were applied, including segments of the UDDS as well as various driving patterns recorded on the local freeways and arterials. The validation plots are simply regressions with the measured data in units of grams per mile for the cycle segment along the x-axis and the modeled data on the y-axis. Remember that the model in this case represents a composite vehicle in that class and not the specific vehicle. If the model were perfect, all of the data would fall on the (green) line with slope = 1. It can be seen that fuel use is modeled well, with the linear regression slope close to 1 with an r 2 of 0.86. NO x is also modeled well with a slope of 0.923 and r 2 of 0.78. CO is not quite as good with a slope of 0.78 and r 2 of 0.58. The slope for the HC regression is 0.88 with an r 2 of 0.77. These example results are representative of the other validation regressions that were performed for the other submodels. (Results of other submodels are not shown here due to space limitations.)
These results are thought to be fairly good when considering that each submodel represents a composite of all vehicles tested in that category. with the measured emissions in Figure 6b for going both up-and downhill. However, in Figure 6c , NO x emissions are grossly underestimated when the truck is going uphill and grossly overestimated when it is heading downhill (Figure 6c ). Again grade is an important parameter to consider when dealing with HDD trucks because the power-weight ratios can vary widely. A physical modeling approach inherently handles grade better than methods that rely on speed and acceleration only.
CONCLUSIONS AND FUTURE WORK
HDD trucks play an increasingly important role in the overall emissions inventory because LDV emissions continue to decrease. In many microscopic transportation evaluations, it is important to have the ability to model second-by-second emissions of all vehicles. With the HDD truck models now in place, UC Riverside's CMEM program is now capable of simulating a wide variety of traffic scenarios.
The HDD truck models in CMEM are based primarily on testing carried out with UC Riverside's MERL. Vehicles will continue to be tested with MERL, and the results will continually be added to the models. In addition, other HDD truck data will be collected from To show the value of modeling the fuel injection timing strategies described in the section on the engine-out emissions module (see Figure 3) , a comparison was made between the model with the timing strategy software module turned on and the model with the timing strategy module missing. Results are shown in Figure 5 . Given the UDDS cycle (Figure 5a ), second-by-second predicted NO x emissions are shown for both a measured truck and its modeled category with the timing strategy software module turned on (Figure 5b ). For this cycle, the model predicted 23.57 g compared with a measured 27.75 g, a 15% difference. If the timing strategy module was removed altogether, it can be seen in Figure 5c that the model grossly underpredicts NO x when traveling at high-speed extended cruises. In this case, the model predicted 19.18 total grams, a difference of 31%.
Last, to show the advantage of a physics-based modal emissions model in the way it inherently handles grade, another comparison was conducted for a driving pattern that traveled up and over a mountain pass. In this example the elevation of the roadway is shown in Figure 6a (measured by a differential Global Positioning System). The second-by-second measured and modeled NO x emissions are compared for the case in which grade is used as input (Figure 6b ) and in the case in which the grade is set to 0 for the entire run (Figure 6c) . It can be seen that the modeled emissions track pretty well other programs and integrated into the CMEM models to provide further breadth.
The HDD truck emissions model described herein is based on a physical, power-demand approach. Because it is a physical model, it inherently handles fluctuations in power that may arise, such as changing road grade. Further, by modeling individual components of the physical process, it is possible to include emissions and fuel effects that arise from different control strategies. In this paper the HDD model has been described in detail, and more recent results illustrating its effectiveness have been provided. The plan is to use this model for evaluating a variety of traffic scenarios, in particular, those that are associated with HDD trucks, such as truck climbing lanes and restricted truck lanes.
